1976. -The intrinsic contractile properties of isolated left ventricular trabecular muscles from 32 Sprague-Dawley rats fed a thiamine-deficient diet for periods of 24, 40, and 53 days were compared with those from 35 weight-matched food-deprived animals and 25 ad libitum fed controls. Contraction mechanics were measured for each muscle when stretched to the peak of its length tension curve at 28°C in oxygenated Krebs-Henseleit solution. Although both thiamine-deficient and food-deprived groups had a marked diminution in body and left ventricular weight in comparison to ad libitum fed controls, no differences in left ventricular weights from thiamine-deficient and food-deprived rats were observed. In comparison to ad libitum fed control animals, food-deprived rats exhibited a prolongation in the duration of muscle contraction and an augmentation of tension development after 40 days. Upon appearance of neurological signs at an average of 53 days of a thiamine-deficient diet, left ventricular muscle preparations from thiamine-deficient rats exhibited a decrease in performance associated with a decrease in the duration of contraction and rate of tension development.
beriberi; isolated muscle preparation; hypoxia; food deprivation ALTHOUGH THIAMINE DEFICIENCY has been established as an etiologic factor in the production of altered cardiac metabolism, electrophysiologic changes, and myocardial hypertrophy (24), its effects on the intrinsic mechanical properties of heart muscle have not been well defined. Early descriptions of the human syndrome of cardiac beriberi stressed right ventricular failure and peripheral vasodilatation (1). Later studies reported biventricular failure accompanied by a seemingly paradoxical high cardiac output state (2, 9, 8, 22) . In the experimental animal, efforts to study-hemodynamic changes resulting from thiamine deficiency have been thwarted by the propensity of these animals to develop anorexia and to succumb to arrhythmias and neurologic sequelae (14) . No animal model has demonstrated changes similar to the thiamine-deficient human high-output myocardial failure state. Due to these difficulties, the mechanisms involved in the cardiac dysfunction seen in beriberi are as yet unclear. The present study using the isolated muscle preparation may permit the detection of early mechanical changes not apparent f ment of intact hemodynamics.
born the assess-
MATERIALS AND METHODS
Male Sprague-Dawley rats, housed wire-bottomed cages and allowed ad in individual ibitum water, were divided into three initially weight-matched groups: group 1, thiamine deficient -fed ad libitum a commercially available diet deficient in thiamine yet otherwise nutritionally complete (General Biochemicals, Chagrin Falls, Ohio; ref. 19); group 2, food deprived-given the same diet in amounts just sufficient to maintain body weight equal to matched rats in group 1 plus 0.20 mg thiamine hydrochloride subcutaneously twice a week; group 3, control -fed ad libitum amounts of a commercial diet similar in composition to that in groups 1 and 2 but containing thiamine plus similar biweekly subcutaneous thiamine hydrochloride.
A total of 114 rats were raised on their respective diets with body weights being obtained 3 times per week. Experiments were performed on separate litters for duration of 24, 40, and an average of 53 days when neurological signs such as ataxia or convulsions appeared in thiamine-deficient rats. On the day of study, the rats were weighed, and the hearts were quickly removed after decapitation. Left ventricular columnar carnae muscles were quickly isolated and suspended between two spring clips in a chamber containing Krebs-Henseleit solution with 100 mg glucose per 100 ml and bubbled through with 95% 0, and 5% CO,. Bath temperature was maintained at 28°C by a Lauda K-2 controlled temperature circulating pump. The lower spring clip was connected to a Statham G7B-075-350 force transducer by a l/15,000-inch tungsten wire passing through a mercury seal at the bottom of the chamber. The upper clip was attached by a gold chain to a magnesium lever arm. The length of the muscle preparation was controlled by a micrometer stop. The -short arm of the lever was connected to a Sanborn DC DT-050 linear displacement transducer. The total equivalent mass of the system was determined to be .571 g. A Grass model S88 stimulator was used to deliver 5-ms square-wave pulses at a rate of 12/min through two 0.5 x 2.0 cm parallel platin .um electrodes at voltages which were 10% greater than the minimum required to produce a maximal mechanical response. After a 30-min equilibration period, all muscle preparations were carefully stretched to the apices of their length tension curves. Mechanical parameters were recorded on an Electronics for Medicine DR.8 photographic recorder at a paper speed of 100 mm/s.
The following measurements were made from the collected data: time-to-peak tension, maximal rate of tension development, resting tension, active tension, time-to-peak shortening, and maximal shortening velocity at minimal measurable load. Muscle length was measured at the apex of the length-tension curve using a Gaertner cathetometer and telescope. At the end of each experiment, the muscle between the spring clips was weighed, and the cross-sectional area was calculated assuming a specific gravity of 1.000. All values for tension were normalized for muscle cross-sectional area, and shortening was corrected for length. The remaining portion of heart and left ventricle was blotted and weighed on a Mettler H6T balance, and left ventricle/body weight and heart/body weight ratios were calculated. Specimens of left ventricle, lung, and liver were weighed, dried overnight in an oven, and reweighed.
Tissue dry/wet weight ratios were calculated. In addition, at the time of sacrifice blood samples were collected, and erythrocytes were assayed for transketolase activity by the method of Brin et al. (10).
Analysis of the data consisted of comparing the three groups (thiamine deficient, food deprived, and ad libiturn fed control) for each parameter of interest at each of the three experimental time periods. The groups could not be compared across the three experimental time periods because they differed as to initial weight, were not littermate matched, and the experiments were carried out at different times of the year. Two-way variance analysis, to test for a group effect, relative to animal variation for each time period, was not utilized because the variances were not homogeneous, the data were not normally distributed in many cases, and sample sizes differed.
Rather, multiple comparison testing was elected and the data were subjected to Dunnett's test (13) which c orrects for the possibility of spurious significance when t-testing data by pairs at a time.
RESULTS
Clinical observations. After approximately 14 days on the thiamine-deficient diet, group 1 rats developed anorexia and a subsequent progressive loss of weight. No observable neuromotor defects were present, however, until approximately 53 days. At this time, thiaminedeficient rats weighed 56% of their initial body weight (Table 1 ) and exhibited difficulty in the righting reflect.
Usually within 24 h, generalized clonic-tonic convulsions occurred, often precipitated by sudden sounds or by touching the animal. Those rats not promptly studied died within several hours.
In contrast to the thiamine-deficient group, weightmatched food-deprived rats (group 2) had no anorexia and developed no observable neuromotor defects. Rats fed ad libitum quantities of the nutritionally complete diet (group 3) continued to gain weight. After 53 days, these rats had gained 48% of their initial body weight and remained docile, curious, and in apparent good health.
Left uentricuzar weight. While maintained on the experimental diets, groups 1 and 2 rats exhibited diminished left ventricular weights in comparison to ad libiturn fed controls. No significant differences in absolute left ventricular weights were observed, however, between the thiamine-deficient and weight-matched fooddeprived rats at 24, 40, or 53 days.
Left ventricle, lung, and liver dry/wet weight ratio. At 24 days, no differences in dry/wet weight ratios were found among the three groups of rats with respect to left ventricle or lung. The liver dry/wet weight ratio of the ad libitum fed control group was, however, significantly increased over that for thiamine-deficient and food-deprived animals.
At 40 days, the left ventricular dry/wet weight ratio was significantly increased in the ad libitum fed control group but was similar in thiamine-deficient and fooddeprived rats. The ratios for lung did not differ among the three groups. The liver dry/wet weight ratio was, however, significantly different among all three groups, being smallest in the food-deprived rats and greatest in the ad libitum fed group.
At 53 days, no significant differences in dry/wet weight ratios of left ventricle, lung, or liver existed among the three groups of rats.
Erythrocyte transketolase activity. Transketolase activity was significantly depressed in thiamine-deficient animals. The addition of thiamine pyrophosphate to the assay incubation medium resulted in a significant augmentation of enzyme activity. Transketolase activity remained well preserved in groups 2 and 3 rats, and no significant differences were observed in assay values between these latter two groups.
Isolated heart muscle mechanics (Table 2) . After receiving the experimental diets for 24 days, the three groups of rats exhibited no significant differences with respect to trabecular muscle cross-sectional area. No differences were found in time-to-peak tension or timeto-peak shortening.
Although compliance curves were not recorded, the three groups exhibited comparable resting tension values at the apex of the length tension curve. At this muscle length, there was no difference in the maximal rate of tension development, although the thiamine-deficient group developed a slight but significantly greater active tension in comparison to the ad libitum fed control group. There were no differences in maximal shortening velocity at comparable loads among the three groups.
At 40 days, similar trabecular muscle cross-sectional areas were again present in the three groups. Thiaminedeficient and food-deprived animals did not differ with respect to time-to-peak tension, although both of these groups showed significant prolongation in time-to-peak tension relative to ad libitum fed rats. Time-to-peak shortening was significantly shortened in thiamine-deficient rats when compared to the food-deprived group, but both groups exhibited prolongation of this parameter beyond the value for ad libitum fed controls. Resting tension and maximal rate of tension development did At 53 days, similar trabecular muscle cross-sectional areas were present in all groups. A striking decrease in time-to-peak tension and shortening was observed in the thiamine-deficient rats, as compared to food-deprived rats. This decrease in the duration of muscle shortening could be easily visualized ( Fig. 1) and was statistically significant in comparison to food-deprived rats (P < 0.01) and ad libitum fed controls (P = 0.01).
Food-deprived rats continued to show significant prolongation of the time-to-peak shortening but not time-topeak tension when compared to ad libitum fed controls. Active tension was significantly increased in food-deprived rats as compared to the other two groups of animals, but no difference between thiamine-deficient and ad libitum fed rats was observed. Maximal rate of tension development in thiamine-deficient rats was significantly decreased below values found in the other groups, although no difference in resting tension was encountered among the three groups. Food-deprived rats exhibited increased active tension development in comparison to the other two groups. A small but significant decrease in maximal shortening velocity at minimal load occurred in thiamine-deficient rats when compared to the food-deprived group (P < 0.05) in thiamine-deficient and food-deprived rats at 53 days and the significantly lower liver dry/wet weight ratio in our food-deprived rats than in thiamine-deficient rats are unknown.
The shortening in the duration of contraction of isolated cardiac muscle and the decrease in rate of tension development observed in rats after 53 days on a thiamine-deficient diet stand in contrast to the mechanical effects of food deprivation.
Previous investigators have attributed the cardiac dysfunction seen in thiamine deficiency to metabolic effects. A defect in energy production and substrate utilization (4)) decreased myocardial ATP stores (3, 7, 17) , and a diminution in the availability of thiamine mediated substrate (23) have been suggested as playing a central role.
DISCUSSION
No decrease in active tension is seen in muscle preparations from rats at 24 and 40 days of dietary thiamine deprivation.
Late in the course of thiamine deficiency, a decrease in mechanical performance associated with decreases in the duration of contractile activity and rate of tension development occurred. Food-deprived rats in comparison exhibit increased active tension and an increase in the duration of contraction.
These differences in mechanical performance cannot be ascribed to differences in muscle cross-sectional areas (6), since similar areas were found in all three groups. Neither can difference in heart size be invoked as an explanation, since absolute left ventricular weights and left ventricle dry/ wet weight ratios did not differ between the weightmatched thiamine-deficient and food-deprived rats. Since lung dry/wet weight ratios did not differ among the three groups for the total duration of the experiment, the absence of left ventricular failure is suggested. Our observations of decreased left ventricle dry/ wet weight ratios in thiamine-deficient and food-deprived rats at 40 days and decreased liver dry/wet weight ratios at 24 and 40 days are in accord with the data of Peters and Boyd (20) showing that starvation in rats may increase the water content of the myocardium and liver. The reasons for the apparent return of myocardial water content to ad libitum fed control values On the other hand, Itokawa and Cooper (15) have emphasized a separate role of thiamine as a neurotransmitter and have suggested that the propagation of an action potential may involve a shift of thiamine on the membrane. Changes in mechanical performance during th in iamine deficiency may thus be related to alterations electrophysiological activity . Kavaler ( 16) and, more recently, Morad and Trautwein (18) have shown that a correlation exists in many cases between the duration of the cardiac action potential and the duration of mechanical activity. Such observations may be relevant to the abbreviation of the duration of cardiac muscle contraction seen after 53 days of thiamine deficiency. This alteration in mechanical activity may be related-to thiamine-induced changes in electrophysiologic events, and action potential recordings from-rat ventricular muscle during prolonged thiamine deficiency would be of interest.
The decrease in the intensity and duration of myocardial contractile activity (12) observed late in the course of thiamine deficiency is similar to changes observed during hypoxia (5). It is also of interest that the abbrevi- Tissue hypoxia may underlie the pe-
